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Research
Approximately 2.1 million married couples in
the United States have reported difficulty in
achieving a pregnancy (Abma et al. 1997;
Ventura et al. 1999). Male factor infertility
accounts for 40–50% of these cases, for which
the etiology is often idiopathic (Baker et al.
1995; MacLeod 1951; Sokol 1997; Ventura
et al. 1999). Idiopathic male infertility may be
due to exposure(s) to environmental toxicants
that alter the reproductive hormones, sper-
matogenesis, or sperm function (Carlsen et al.
1992; Moline et al. 2000; Safe 2000; Sharpe
and Skakkebaek 1993).
The most widely studied evidence of
potential environmental reproductive hazards is
the report that sperm counts have declined in
certain industrialized countries (Carlsen et al.
1992; Moline et al. 2000; Safe 2000; Sharpe
and Skakkebaek 1993). The validity of these
ﬁndings continues to be controversial, yet most
investigators agree that if a decline in semen
quality does exist, these changes are probably
related to geographic location (Acacio et al.
2000; Becker and Berhane 1997; Bonde et al.
1998; Bujan et al. 1996; Fisch et al. 1996;
Handelsman 1997; Olsen et al. 1995; Paulsen
et al. 1996; Rasmussen et al. 1997; Sherins
1995; Swan et al. 1997, 2000). Theories
explaining this geographic phenomenon
include environmental (chemical exposures,
elevated ambient temperature, seasonality),
demographic (socioeconomic, ethnicity, age),
and methodologic factors (Handelsman 1997;
Moline et al. 2000).
Various chemicals have been implicated as
reproductive toxicants. A number of these
chemicals categorized as air pollutants are pre-
sent in the blood, urine, and semen of exposed
men and may affect sperm quality [Centers
for Disease Control and Prevention (CDC)
2001; Fredricsson et al. 1993; Samet et al.
2000; Selevan et al. 2000; Sram et al. 1999;
Telisman et al. 2001]. Preliminary data have
been published to suggest that air pollution
may adversely affect semen quality (Selevan
et al. 2000).
The present study was designed to address
the hypothesis that exposure to fluctuating
levels of speciﬁc air pollutants adversely affects
sperm parameters. For this purpose, we ana-
lyzed repeated semen samples collected by
sperm donors in Los Angeles, California, for
one sperm bank in relationship to temporally
related exposure to air pollutants. Air pollu-
tants of interest were ozone, nitrogen dioxide,
carbon monoxide, and particulate matter < 10
µg/m3 in aerodynamic diameter (PM10). Each
of these has a biologic plausibility of affecting
sperm production, and the daily levels of these
pollutants are measured and recorded for well-
demarcated areas throughout Los Angeles
County (Gauderman et al. 2000).
We studied the potential impacts of expo-
sure to air pollution during biologically rele-
vant time points during spermatogenesis.
Spermatogenesis, which takes place in the
seminiferous tubules of the testes, is the
orderly process during which spermatogonia
evolve into mature spermatozoa. This process
covers a 72-day period in humans. The
mature spermatozoa then exit the seminifer-
ous tubules, enter the rete testis and efferent
ductules, and move into the epididymis,
where they are rendered motile and fertile and
are stored. In humans, this process occurs over
approximately 10 days (Robaire and Hermo
1994). Therefore, we studied the relationship
between air quality and sperm parameters at
0–9, 10–14, and 70–90 days before the date of
semen collection, corresponding to epididymal
storage, the development of sperm motility,
and spermatogenesis, respectively (Johnson
et al. 1997). Data generated from animal stud-
ies support the hypothesis that exposures at
different times during spermatogenesis mani-
fest as abnormalities of ejaculated spermatozoa
(Chapin 1997; Hess 1998).
Sperm donors were chosen as study sub-
jects because a) they are rigorously selected
healthy fertile men who donate many semen
samples over an extended period of time;
b) they must adhere to rigid guidelines
regarding semen collection; and c) the semen
samples were analyzed in a single laboratory.
Materials and Methods
Sperm donors and semen analysis. Semen
analysis data were accessed from the
California Cryobank, which maintains a large
sperm donor bank in Los Angeles. Donors
were included if they collected repeated
semen samples over at least a 12-month
period from January 1996 through December
1998 and resided, to the best of our knowl-
edge, in the same ZIP code area during that
time period. The study protocol was reviewed
and approved by the Institutional Review
Board (IRB) of the University of Southern
California Keck School of Medicine. The
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Idiopathic male infertility may be due to exposure to environmental toxicants that alter spermato-
genesis or sperm function. We studied the relationship between air pollutant levels and semen quality
over a 2-year period in Los Angeles, California, by analyzing repeated semen samples collected by
sperm donors. Semen analysis data derived from 5,134 semen samples from a sperm donor bank were
correlated with air pollutant levels (ozone, nitrogen dioxide, carbon monoxide, and particulate matter
< 10 µm in aerodynamic diameter) measured 0–9, 10–14, and 70–90 days before semen collection
dates in Los Angeles between January 1996 and December 1998. A linear mixed-effects model was
used to model average sperm concentration and total motile sperm count for the donation from each
subject. Changes were analyzed in relationship to biologically relevant time points during spermato-
genesis, 0–9, 10–14, and 70–90 days before the day of semen collection. We estimated temperature
and seasonality effects after adjusting for a base model, which included donor’s date of birth and age
at donation. Forty-eight donors from Los Angeles were included as subjects. Donors were included if
they collected repeated semen samples over a 12-month period between January 1996 and December
1998. There was a signiﬁcant negative correlation between ozone levels at 0–9, 10–14, and 70–90
days before donation and average sperm concentration, which was maintained after correction for
donor’s birth date, age at donation, temperature, and seasonality (p < 0.01). No other pollutant meas-
ures were signiﬁcantly associated with sperm quality outcomes. Exposure to ambient ozone levels
adversely affects semen quality. Key words: air pollution, epididymis, male infertility, ozone, semen
analysis, sperm concentration, total motile sperm count. Environ Health Perspect 114:360–365
(2006). doi:10.1289/ehp.8232 available via http://dx.doi.org/ [Online 5 October 2005]requirement for formal informed consent was
waived by the IRB because the data analyzed
were generated from previously collected sam-
ples that had been collected for routine labo-
ratory testing and were anonymous to the
research investigators.
The sperm donors studied were young
men who were healthy, without genetic or sig-
niﬁcant medical diseases, and did not smoke,
use drugs, or drink heavily. Each donor com-
pleted an extensive medical/social question-
naire to rule out any underlying personal or
family history of disease and underwent a care-
ful history and physical examination. General
laboratory tests were evaluated in addition to
screening semen analyses, all of which were
normal in order to qualify as a sperm donor.
Data provided for this study included age,
date of birth, and race of donor; dates of
semen collection; and ZIP codes of residence
at the time of the ﬁrst donation.
Semen samples were collected by mastur-
bation into sterile designated containers at the
sperm bank site. In accordance with the
guidelines of the California Cryobank, donors
were instructed to collect the semen samples
after 2–3 days of abstinence. They were asked
to report if they became ill or required med-
ications and were instructed not to donate
semen samples during those times. The
importance of adhering to the abstinence
instruction was emphasized at the time the
donor was recruited and throughout his
tenure as a donor.
The semen samples were analyzed within
1 hr of collection. Technicians were trained
to analyze the semen samples using standard-
ized protocols based on the World Health
Organization (WHO) guidelines published at
the time of the analyses (WHO 1993).
After liquefaction and measurement of
semen volume, the semen analysis was per-
formed using the Makler Chamber (Haifa,
Israel) to determine sperm concentration and
motility. Sperm morphology was not avail-
able. Quality control is used routinely in this
laboratory, and technicians undergo profi-
ciency testing on a regular basis.
Air quality and temperature data. Air
quality data for the same time period were
obtained from Sonoma Tech., Inc. (Petaluma,
CA). Data were provided for 10 km × 10 km
grid areas in the air basin of Southern
California and included O3 (24-hr average,
parts per billion), NO2 (0600–1800 hr average
parts per billion), CO (24-hr average, parts per
million), components of PM10 (micrograms
per cubic meter), and 24-hr minimum, aver-
age, and maximum temperature. O3, NO2,
and CO were measured daily and PM10 once
every 6 days (Gauderman et al. 2000). Each
donor was assigned a grid location according to
their ZIP code of residence at the time of their
ﬁrst donation. Cumulative pollutant exposures
over biologically relevant time frames, along
with daily average, minimum, and maximum
levels of temperature averaged over the same
three time periods, were calculated for each
donor by summing the appropriate measures
for their grid location.
Statistical methods. Exploratory analyses
were conducted to examine demographic char-
acteristics of study participants, and univariate
regression models were ﬁtted to identify factors
that would contribute to the multivariate
analysis (SAS Institute Inc. 1997).
Semen analysis data were log10 trans-
formed before analysis to ensure normality.
We used a linear mixed-effects model to
model linear relationships between trans-
formed semen analysis data and air quality
measurements. This approach accounts for
repeated measures and variation in baseline
among donors. The following linear mixed
model was used to model log average concen-
tration (log total motile) for the jth donation
from subject i: Yij = α + γi + βZij + δTXij + εij.
The γi terms represent individual differences
in log average concentration (log total motile)
and are assumed to be normally distributed
with mean 0 and variance σγ
2 · β denotes the
effects of an air pollutant Z, and δ denotes the
effects covariates Xij weather, time trend, and
other adjustment factors. The error terms εij
are normally distributed and independent
across subjects. Within subjects, an exponen-
tial-decay correlation structure was assumed;
that is, observations close together in time
were assumed to be more correlated than
those farther apart. The mixed-effects
methodology allows for unequal number of
measurements from subjects. The exponential
decay error structure allows for any residual
serial correlation, above and beyond the
exchangeable correlation structure that is
induced by the subject speciﬁc random inter-
cept in the mixed-effects model (Diggle et al.
1994). Analyses were performed using SAS
PROC MIXED (SAS Institute Inc. 1997).
Temperature and seasonality effects were
estimated after adjusting for a base model,
which included donor’s date of birth and age at
donation. Season was fitted using indicator
(dummy) variables for spring (April–June),
summer (July–September), and fall (October–
December). Thus, parameter estimates should
be interpreted as a change in mean outcome
relative to winter.
Univariate effects of average air quality
measures (averaged over each of the three time
periods) were estimated after adjusting for the
base model described above plus season indi-
cators (as described above) and temperature
values that were averaged over the biologically
important time period under consideration for
the air quality measures (e.g., a model that
assesses the effect of an air quality measure
0–9 days before day of data collection adjusts
for temperature values averaged for the same
time period). To assess whether temperature
levels on the day of data collection have an
acute independent and/or confounding effect
on reproductive outcomes, the models were
also ﬁtted by adjusting for minimum, average,
and maximum levels of temperature on the
day of data collection.
Results
Donors. Forty-eight donors (of 50 potential
donors) fulﬁlled the criteria for inclusion in the
study and donated at least 10 times during the
time period when air quality data were avail-
able. Two donors did not donate during the
required period and hence were excluded from
the analysis. The excluded subjects were not
different with respect to their demographics.
Demographic and other descriptive statis-
tics are included in Table 1. The donors were
homogeneous with respect to their ethnicity
(in fact, all donors were of non-Hispanic white
ethnicity, except for one who was of Hispanic
ethnicity). The distribution of age at ﬁrst on-
study donation ranged from 19 to 35 years of
age. The average sperm concentration was
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Table 1. Donor information (n = 48).
Donor/donation Value
Sperm donations
Total 5,134
Per donor (range) 20–207
Mean ± SD 135.4 ± 48.5
Median 145.0
Donor age at ﬁrst donation
Mean ± SD 25.3 ± 4.7
Median 24.0
Range 19–35
Average sperm concentration (106/mL)
Mean ± SD 87.5 ± 25.0
Median 83.0
Range 52.5–181.3
Total motile sperm count (× 106)
Mean ± SD 191.4 ± 49.2
Median 179.9
Range 130.5–370.3
Table 2. Daily average pollutant and temperature measurements.
Pollutant/temperature Mean ± SD Range No.
O3 (ppb) 21.68 ± 9.43 1.69–47.51 1,096
NO2 (ppb) 30.11 ± 10.73 9.04–79.80 1,096
PM10 (µg/m3) 35.74 ± 13.83 6.84–101.88 183
CO (ppm) 1.18 ± 0.65 0.37–3.86 1,096
Minimum temperature (°F) 56.44 ± 7.37 35.86–74.18 1,096
Mean temperature (°F) 64.03 ± 7.12 45.50–83.37 1,096
Maximum temperature (°F) 73.58 ± 8.75 52.68–100.90 1,09687.5 × 106 sperm/mL, and the average total
motile sperm count was 191.4 × 106 motile
sperm per sample.
Air quality data. Table 2 and Figures 1
and 2 present 24-hr mean temperature and
daily air quality, averaged over the grids
where donors resided. Except for PM10, each
measure showed clear seasonal variation.
Pollutant and temperature measurements
were positively correlated for CO, NO2, and
PM10 over the 0–9 day time period before
ejaculation. CO and NO2 were negatively cor-
related with O3. PM10 was weakly positively
correlated. O3 was positively correlated with
daily minimum, mean, and maximum tem-
perature (data not shown). The correlations
between the average pollutants and tempera-
ture measurements followed a similar pattern
for 10–14 and 70–90 days before ejaculation
(data not shown).
To examine the effect of temperature on
the day of ejaculation, models that included
temperature levels on the day of ejaculation
were ﬁtted on the various pollutant and averag-
ing-period combinations. These models showed
that daily minimum, daily average, and daily
maximum levels of temperature on the day of
sperm donation were not independently associ-
ated with either average sperm concentration or
total sperm motile (data not shown).
Regression results. Univariate modeling of
the potential confounders such as age, temper-
ature, and season revealed that both average
sperm count and total motile sperm count
decreased significantly with age (data not
shown). There was no significant univariate
association observed for season and tempera-
ture, with the exception of season, which
showed significant deficit in average sperm
count in summer and fall (compared with
winter; data not shown). Figures 3–5 summa-
rize the associations between air quality meas-
ures and sperm quality parameters, after
adjusting for several different sets of covariates
(the base model of date of birth and age; this
base model plus season; the base model plus
temperature; the base model plus both season
and temperature).
Several models gave evidence that an
increase in O3 levels was associated with a
decrease in sperm quality. A statistically signiﬁ-
cant association between O3 and average sperm
count at all time periods was found when only
adjusting for the base model. This association
remained signiﬁcant after adjustment for sea-
son and temperature [for 0–9 day lag, an esti-
mated 2.80% decrease per interquartile range
(IQR) of 14.3 ppb increase in O3, p = 0.04; for
10–14 day lag, an estimated 2.36% decrease
per IQR of 14.3 ppb increase in O3, p = 0.04].
Although there was an estimated 2.61%
decrease per IQR of 14.3 ppb for 70–90 day
lagged O3 exposure, this did not reach statisti-
cal significance (p = 0.10). No relationship
between O3 exposure and total motile sperm
count was noted for any time period after
adjusting for season and temperature.
No other pollutants were significantly
associated with sperm quality measurements
after correction for base model, temperature,
and seasonality. Under a joint additive model
for all four pollutants with adjustments for
both temperature and season, the effects of O3
on average sperm concentration still persisted.
For 0–9 days before semen collection, there
was a 4.22% decrease per IQR of 14.3 ppb
increase in O3 (p = 0.01). There were 2.92%
and 3.90% decreases per IQR of 14.3 ppb
increase in O3 10–14 days and 70–90 days
before day of ejaculation, respectively (p = 0.05
in both cases).
Discussion
Our study was designed to examine the
hypothesis that exposure to air pollutants may
adversely affect semen quality and to ascertain
Sokol et al.
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Figure 2. Daily air pollutant measures for Los Angeles from the grid locations. Solid lines are ﬁtted cubic
spline curves.
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Figure 1. Daily ambient temperature measurements for Los Angeles from the grid locations. Solid lines are ﬁtted cubic spline curves.
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may have occurred. We found that an inverse
relationship exists between ambient O3 levels
and sperm concentration at all biologic time
periods studied. These results remain signiﬁcant
after adjustment for the potential confounders
of age, ambient temperature, and seasonality.
Our ﬁndings are substantiated by a study con-
ducted in the Czech Republic by scientists
from the U.S. Environmental Protection
Agency (EPA). Young Czech men exposed to
elevated air pollution were more likely to have
abnormal sperm morphology and sperm chro-
matin structure than were those who lived in a
city with less air pollution (Selevan et al. 2000;
Sram et al. 1999). Although a decrease in
sperm concentration was not found in the
Czech study, this is probably due to differing
experimental designs. The Czech study did
not evaluate O3, restricted evaluation of the air
pollution data to the 90-day period preceding
sampling, and categorized the grouped pollu-
tants as low, medium, and high. Only two
semen specimens 6 months apart in men of
unknown semen quality were studied. In our
study design, we evaluate the relationship
between speciﬁc air pollutants and sperm con-
centration and motility using repeated semen
samples collected by men selected for the qual-
ity of their sperm over a 2-year period, with
special emphasis on important developmental
steps during the sperm production cycle and
specific air pollutants. The toxic effects we
report are speciﬁc to O3.
Potential confounders include tempera-
ture, seasonality, age, ethnicity, socioeconomic
status, abstinence period, and method of
semen analysis (Kandeel and Swerdloff 1999;
Kidd et al. 2001; Levine 1994; Mahmoud
et al. 1997; Paulson et al. 2001; Sauer et al.
1988). Our statistical model controlled for
temperature, seasonality, age at donation, and
date of birth. We cannot directly address the
potential confounding effects of ethnicity or
socioeconomic status because all but one of
the donors in our study were educated non-
Hispanic white men. However, differences in
the prevalence of infertility across education
levels or racial/ethnic categories in the United
States have not been conﬁrmed (Abma et al.
1997).
Our study controlled for semen analysis
methodology, although technicians may have
used minimally different semen analysis tech-
niques, particularly in motility assessment.
The technique for motility assessment out-
lined in the WHO guidelines at the time of
this study (WHO 1993) is not a strictly quan-
tifiable one, and it is possible that if a com-
puter assisted sperm analysis system had been
used to assess motility, we may have found
significant differences in the total motile
sperm counts due to O3 exposure. We con-
trolled for abstinence period, but it is possible
that donors may have had shorter or longer
abstinence times than the ones they reported.
However, we do not think that abstinence
times differing from those requested affected
our conclusions. Most studies evaluating
between-subject variation in semen parame-
ters report that semen volume and sperm con-
centration increase with increasing duration
of abstinence, primarily after 5 days (Carlsen
et al. 2004; De Jonge et al. 2004; Swan et al.
Exposure to ozone alters semen quality
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Figure 3. Percent change in sperm concentration for a 1 SD increase in air quality measure (lag 0–9 days).
Error bars indicate 95% conﬁdence intervals.
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Figure 4. Percent change in sperm concentration for a 1 SD increase in air quality measure (lag 10–14
days). Error bars indicate 95% conﬁdence intervals.
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Figure 5. Percent change in sperm concentration for a 1 SD increase in air quality measure (lag 70–90
days). Error bars indicate 95% conﬁdence intervals.
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Base + season + temperature2003a). In our study, we evaluated repeated
semen samples collected over time and thus
looked at within-subject variation as well as
the relationship of any changes in semen
quality to air pollutant exposure. We previ-
ously reported, using an intrasubject study
design, that semen volume and concentration
were positively correlated with abstinence
period only after 5 days of abstention (Sauer
et al. 1988). Duration of abstinence and ejac-
ulatory frequency have been reported to have
little impact on high intraindividual variation
in individual semen parameters (De Jonge
et al. 2004). These data suggest that shorter
abstinence time than reported does not
account for our findings. Increasing absti-
nence time from 2.5 to 6 days has been esti-
mated to increase sperm concentration by
50% (Carlsen et al. 2004). Therefore, an
abstinence period > 3 days would not account
for our ﬁnding of lower sperm concentrations
on high O3 days.
We speculate that most donors spent most
of their time in the ZIP code of residence,
attending school or working in the local area.
Nonetheless, some donors may have spent
some time away from their assigned ZIP
codes. We were not able to control for socio-
economic status; however, as indicated, most
donors lived or worked near the university,
which is located in a higher socioeconomic
neighborhood not known for environmental
toxic exposures.
Although some confounding may remain
uncorrected for, we think that it is unlikely to
explain the inverse relationship between O3
exposure and sperm concentration. Because air
quality is related to geographic location, our
data support the theory that chemical exposures
may account for declining sperm densities in
speciﬁc geographic regions (Fisch et al. 1996;
Jorgensen et al. 2001; Swan et al. 2003a) and
implicate O3 as a possible toxicant. Geographic
differences in semen quality have been reported
both in the United States and Europe. In an
early study, sperm concentrations recorded in
samples collected for a sperm bank in New
York were reported to be higher than sperm
bank samples in Minnesota, which were higher
than those in California (Fisch et al. 1996).
Regional differences in semen quality in Europe
are also documented (Jorgensen et al. 2001).
Pesticide exposure has been implicated as a pos-
sible etiology for the lower semen quality in fer-
tile men in speciﬁc cities in the United States
(Nelson and Bunge 1974; Swan et al. 2003a,
2003b). We suggest that O3 may also be impli-
cated as a sperm toxicant.
O3 is the major oxidant of photochemical
smog. It is a secondary pollutant, generated in
the troposphere from the precursors NO2 and
hydrocarbons in the presence of sunlight,
which accounts for the observed negative cor-
relation between O3 and NO2. O3 varies with
temperature, cloudiness, and air circulation
patterns (Mustafa 1990; U.S. EPA 2002). O3
is very reactive, with most of its toxic effects
directed at the lung, with indirect toxicity on
the cardiovascular system (Mann et al. 2002).
O3 exposure produces reactive oxygen species
(ROS) in the respiratory system (Gurgueira
et al. 2002; Menzel 1984). Extrapulmonary
toxicity suggests that O3 or O3 reaction prod-
ucts can cross the blood–gas barrier and be
absorbed into the circulating bloodstream.
These by-products may induce an inﬂamma-
tory reaction or produce circulating toxic
species (Gurgueira et al. 2002; National
Toxicology Program 1994; Mustafa 1990).
How O3 may adversely affect semen qual-
ity remains to be elucidated. O3-induced
oxidative stress is one possible mechanism.
Oxidative stress is documented to disrupt tes-
ticular and sperm function (Agarwal et al.
2003; Diemer et al. 2003). Under physiologic
conditions, spermatozoa exist in a balanced
environment of ROS and antioxidants. ROS
are needed for capacitation and the acrosome
reaction, the biochemical/physiologic steps
required for normal fertilization. However,
excessive amounts of ROS produced by
leukocytes and immature spermatozoa can
damage mature spermatozoa and can damage
the integrity of the DNA in the sperm
nucleus (Agarwal et al. 2003; Aitken and
Fisher 2004; Sikka et al. 1995).
Cigarette smoking can cause a modest
decrease in sperm concentration, which is
associated with ROS production in the respi-
ratory system and increased seminal leukocyte
infiltration into semen of infertile smokers
and increased ROS in the semen (Saleh et al.
2002; Vine et al. 1994). As with smoking,
exposure to O3 may either induce an inﬂam-
matory reaction in the male genital tract or
induce the formation of circulating toxic
species, both mechanisms that can lead to
leukocytosis, ROS formation, spermatozoa
phagocytosis, and a decline in sperm concen-
tration. This ROS-induced DNA damage
may accelerate the process of germ cell apop-
tosis (programmed cell death) and lead to a
decline in sperm concentrations (Agarwal
et al. 2003). Irradiation, chemotherapy, and
toxin exposure have all been associated with
apoptosis (Agarwal et al. 2003). A similar
mechanism may be occurring with O3 expo-
sure. Gaseous pollutants suppress spermatoge-
nesis in exposed rats (Watanabe and Oonuki
1999). No studies have looked at the associa-
tion between cigarette smoking, pollution,
and semen quality. The reported finding of
abnormal sperm morphology and sperm
chromatin in semen samples collected by
Czech men exposed to elevated air pollution
is consistent with increased ROS in the semen
samples of the men studied (Selevan et al.
2000). Although excess ROS may disrupt
sperm motility, we did not find significant
changes in total motile sperm counts with O3
exposure. This may be due to our relatively
insensitive methodology for assessing motil-
ity, as discussed above. Some evidence of
adverse effects of air pollution on sperm
motility was reported in the Czech study
(Selevan et al. 2000).
Studies in females have also suggested a
relationship between air pollution and repro-
ductive outcomes. Poor air quality may be
associated with reduced pregnancy rates in
in vitro fertilization centers (Boone et al.
1999), and exposure to increased levels of
ambient air pollution is associated with
preterm birth in Los Angeles, China, and the
Czech Republic (CDC 2001; Ritz et al. 2000;
Sram et al. 1999).
In summary, we noted an inverse relation-
ship between O3 exposure and sperm concen-
tration at all time points studied, suggesting
that spermatozoa are susceptible to this toxic
exposure throughout spermatogenesis. Overall,
this study is well controlled for potential con-
founders, and the association between O3 and
sperm quality is consistent across several mod-
els. No similar association between sperm den-
sity and exposure to the other air pollutants
was found, further implicating O3 as a repro-
ductive toxicant. We find these results very
intriguing and worthy of further study.
REFERENCES
Abma JC, Chandra A, Mosher WD, Peterson LS, Piccinino LJ.
1997. Fertility, family planning, and women’s health: new
data from the 1995 National Survey of Family Growth. Vital
Health Stat 23:1–114.
Acacio B, Gottfried T, Israel R, Sokol RZ. 2000. Evaluation of a
large cohort of men presenting for screening semen
analysis. Fertil Steril 73:595–597.
Agarwal A, Saleh RA, Bedaiwy MA. 2003. Role of reactive oxygen
species in the pathophysiology of human reproduction. Fertil
Steril 79:829–43.
Aitken J, Fisher H. 2004. Reactive oxygen species generation
and human spermatozoa: the balance of benefit and risk.
Bioessay 16:259–267.
Baker HWG, Burger HG, DeKretser DM. 1995. Relative inci-
dence of etiologic disorders in male infertility. In: Male
Sexual Dysfunction (Santen RJ, Swerdloff RS, eds). New
York:Marcel Dekker, 341–352.
Becker S, Berhane K. 1997. A meta-analysis of 61 sperm count
studies revisited. Fertil Steril 67:1103–1108.
Bonde JPE, Ernst E, Jensen TK, Hjollund NH, Kolstad HA,
Henriksen TB, et al. 1998. Relation between semen quality
and fertility: a population-based study of 430 first-pregnancy
planners. Lancet 352:1172–1177.
Boone WR, Johnson JE, Locke AJ, Crane MM IV, Price TM.
1999. Control of air quality in an assisted reproductive
technology laboratory. Fertil Steril 71(1):150–154.
Bujan L, Mansat A, Fontonnier F, Mieusset R. 1996. Time series
analysis of sperm concentration in fertile men in Toulouse,
France between 1977 and 1992. Br Med J 312:471–472.
Carlsen E, Giwercman A, Keiding N, Skakkebaek NE. 1992.
Evidence for decreasing quality of semen during the past
50 years. Br Med J 305:609–613.
Carlsen E, Jorgen HP, Andersson AM, Niels ES. 2004. Effects of
ejaculatory frequency and season on variations in semen
quality. Fertil Steril 82:358–366.
CDC. 2001. National Report on Human Exposure to Environmental
Chemicals. Atlanta, GA:Centers for Disease Control and
Prevention. Available: http://www.cdc.gov/nceh/dls/report/
results/cadmium.htm [accessed May 2004].
Sokol et al.
364 VOLUME 114 | NUMBER 3 | March 2006 • Environmental Health PerspectivesExposure to ozone alters semen quality
Environmental Health Perspectives • VOLUME 114 | NUMBER 3 | March 2006 365
Chapin RE. 1997. Germ cells as targets for toxicants. In:
Comprehensive Toxicology (Sipes I, McQueen C, Gandolﬁ
A, eds). Cambridge:Cambridge University Press, 139–150.
De Jonge C, LaFramboise M, Bosmans E, Ombelet W, Cox A,
Nijs M. 2004. Inﬂuence of the abstinence period on human
sperm quality. Fertil Steril 82:57–65.
Diemer T, Allen J, Hales KH, Hales DB. 2003. Reactive oxygen
disrupts mitochondria in MA-10 tumor Leydig cells and
inhibits steroidogenic acute regulatory (StAR) protein and
steroidogenesis. Endocrinology 144:2882–2891.
Diggle, PJ, Liang KY, Zeger SL. 1994. Analysis of Longitudinal
Data. New York:Oxford University Press. 
Fisch H, Goluboff E, Olson J 1996. Semen analyses in 1,283 men
from the United States over a 25-year period; no decline in
quality. Fertil Steril 65:1009–1014.
Fredricsson B, Moller L, Pousette A, Westerholm R. 1993.
Human sperm motility is affected by plasticizers and diesel
particle extracts. Pharmacol Toxicol 72:128–133.
Gauderman WJ, McConnell R, Gilliland F, London S, Thomas D,
Avol E, et al. 2000. Association between air pollution and
lung function growth in Southern California children. Am J
Respir Crit Care Med 162:1383–1390.
Gurgueira SA, Lawrence J, Coull B, Murthy GG, Gonzalez-
Flecha B. 2002. Rapid increases in the steady-state con-
centration of reactive oxygen species in the lungs and
heart after particulate air pollution inhalation. Environ
Health Perspect 110:749–755.
Handelsman DJ. 1997. Sperm output of healthy men in
Australia: magnitude of bias due to self-selected volun-
teers. Hum Reprod 12:2701–2705.
Hess RA. 1998. Effects of environmental toxicants on the efferent
ducts, epididymis, and fertility. J Repro Fertil 53:247–259.
Johnson L, Welsch TH Jr, Wilker CE. 1997. Anatomy and physiol-
ogy of the male reproductive system and potential targets
of toxicants. In: Comprehensive Toxicology (Sipes G,
McQueen CA, Gandolﬁ AJ, eds). New York:Pergamon, 5–98.
Jorgensen N, Andersen AG, Eustache F, Irvine DS, Suominen
J, Petersen JH, et al. 2001. Regional differences in semen
quality in Europe. Hum Reprod 16:1012–1019.
Kandeel FR, Swerdloff R. 1999. Role of temperature in regula-
tion of spermatogenesis and the use of heating as a
method for contraception. Fertil Steril 49:1–23.
Kidd SA, Eskenazi B, Wyrobek A. 2001. Effects of male age on
semen quality and fertility: a review of the literature. Fertil
Steril 75:237–248.
Levine RJ. 1994. Male factors contributing to the seasonality of
human reproduction. Ann NY Acad Sci 709:29–45.
MacLeod J. 1951. Semen quality in 1000 men of known fertility
and in 800 cases of infertile marriage. Fertil Steril 2:115–139. 
Mahmoud A, Depoorter B, Piens N, Comhaire FH. 1997. The
performance of 10 different methods for the estimation of
sperm concentration. Fertil Steril 68:340–345.
Mann JK, Tager IB, Lurmann F, et al. 2002. Air pollution and
hospital admissions for ischemic heart disease in persons
with congestive heart failure or arrhythmia. Environ Health
Perspect 110:1247–1252.
Menzel DB. 1984. Ozone: an overview of its toxicity in man and
animals. J Toxicol Environ Health 13:183–204. 
Moline J, Golden A, Bar-Chama N, Smith E, Rauch ME, Chapin
RE, et al. 2000. Exposure to hazardous substances and
male reproductive health: a research framework. Environ
Health Perspect 108:803–813.
Mustafa MG. 1990. Biochemical basis of ozone toxicity. Free
Radic Biol Med 9:245–265.
National Toxicology Program. 1994. Toxicology and Carcino-
genesis Studies of Ozone and Ozone. Research Triangle
Park, NC: National Toxicology Program. Available:
http://www.toxnet.hlm.nih.gov [accessed November 2004].
Nelson CM, Bunge RG. 1974. Evidence for changing parame-
ters of male fertility potential. Fertil Steril 25:503–507.
Olsen GW, Bodner KM, Ramlow JM, Ross CE, Lipshultz LI. 1995.
Have sperm counts been reduced 50 percent in 50 years?
A statistical model revisited. Fertil Steril 63:887–893.
Paulsen C, Berman N, Wang C. 1996. Data from men in greater
Seattle areas reveals no downward trends in semen qual-
ity; further evidence that deterioration of semen quality is
not geographically uniform. Fertil Steril 65:1015–1020.
Paulson RJ, Milligan RC, Sokol RZ. 2001. The lack of inﬂuence
of age on male fertility. Am J Obstet Gynecol 184:1–6.
Rasmussen PE, Erb K, Westergaard LG, Laursen SB. 1997. No
evidence for decreasing semen quality in four birth
cohorts of 1,055 Danish men born between 1950 and 1970.
Fertil Steril 68:1059–1064.
Ritz B, Yu F, Chapa G, Fruin S. 2000. Effect of air pollution on
preterm birth among children born in Southern California
between 1989 and 1993. Epidemiology 11:502–511.
Robaire B, Hermo L. 1994. Efferent ducts, epididymis and vas
deferens. In: Physiology of Reproduction (Knobil E, Niell J,
eds). New York:Raven Press, 999–1080.
Safe S. 2000. Endocrine Disrupters and Human Health. Is there a
problem? An update. Environ Health Perspect 108:487–493.
Saleh RA, Agarwal A, Sharma RK, Neldon DR, Thomas AJ.
2002. Effect of smoking on levels of seminal oxidative
stress in infertile men: a prospective study. Fertil Steril
78:491–499.
Samet JM, Dominici F, Curriero FC, Coursac I, Zeger SL. 2000.
Fine particulate air pollution and mortality in 20 U.S. cities,
2000. N Engl J Med 343:1742–1749.
SAS Institute Inc. 1997. SAS/STAT. Version 6.12: The MIXED
Procedure. Cary, NC:SAS Institute Inc. 
Sauer MV, Zeffer KB, Buster JE, Sokol RZ. 1988. Effect of absti-
nence on sperm motility in normal men. Am J Obstet
Gynecol 158:604–607. 
Selevan SG, Borkovec L, Slott VL, Zudova Z, Rubes J, Evenson
DP, et al. 2000. Semen quality and reproductive health of
young Czech men exposed to seasonal air pollution. Environ
Health Perspect 108:887–894.
Sharpe RM, Skakkebaek NE. 1993. Are oestrogens involved in
falling sperm counts and disorders of the male reproductive
tract? Lancet 341:1392–1395.
Sherins RJ. 1995. Are semen quality and male infertility chang-
ing? N Engl J Med 332:327–328.
Sikka SC, Rajasekaran M, Hellstrom WJG. 1995. Role of oxidative
stress and antioxidants in male infertility. J Androl
16:464–468.
Sokol RZ. Male factor in male infertility. 1997. In: Infertility,
Contraception and Reproductive Endocrinology (RA Lobo,
DR Mishell Jr, RJ Paulson, eds). Malden, MA:Blackwell
Science, 547–566.
Sram RJ, Binkova B, Rossner P, Rubes J, Topinka J, Dejmek J.
1999. Adverse reproductive outcomes from exposure to
environmental mutagens. Mutat Res 428:203–215.
Swan SH, Brazil C, Drobnis EZ, Liu F, Kruse RL, Hatch M, et al.
2003a. Geographic differences in semen quality of fertile
U.S. males. Environ Health Perspect 111:414–420.
Swan SH, Elkin EP, Fenster L. 1997. Have sperm densities
declined? A reanalysis of global trend data. Environ Health
Perspect 105:1128–1232.
Swan SH, Elkin EP, Fenster L. 2000. The question of declining
sperm density revisited: an analysis of 101 studies pub-
lished 1934–1996. Environ Health Perspect 108:961–966.
Swan SH, Kruse RL, Liu F, Barr DB, Drobnis EZ, Redmon JB,
et al. 2003b. Study for Future Families Research Group.
Semen quality in relation to biomarkers of pesticide expo-
sure. Environ Health Perspect 111:1478–1484.
Telisman S, Cvitkovic P, Jurasovic J, Pizent A, Gavella M,
Rocic B. 2001. Semen quality and reproductive endocrine
function in relation to biomarkers of lead, cadmium, zinc,
and copper in men. Environ Health Perspect 108:45–53.
U.S. EPA. 2002. The Process of Ozone Depletion. Washington,
DC:U.S. Environmental Protection Agency. Available:
http://www.epa.gov/ozone/science/process.html [accessed
29 May 2002].
Ventura SJ, Mosher WD, Curtin SC, Abma JC. 1999. Highlights
of trends in pregnancies rates by outcome: estimates for
the United States, 1976–96. Natl Vital Stat Rep 47:1–9.
Vine MF, Margolin BH, Morrison HI, Hulka BS. 1994. Cigarette
smoking and sperm density: a meta-analysis. Fertil Steril
61:35–43.
Watanabe N, Oonuki Y. 1999. Inhalation of diesel engine
exhaust affects spermatogenesis in growing male rats.
Environ Health Perspect 107:539–544.
WHO (World Health Organization). 1993. WHO Laboratory Manual
for the Examination of Human Sperm and Semen-Cervical
Mucus Interaction. 3rd ed. Cambridge, NY:Cambridge
University Press.